Abstract A virulent (P18) strain of the Pichinde arenavirus produces a disease in guinea pigs that somewhat mimics human Lassa fever, whereas an avirulent (P2) strain of this virus is attenuated in infected animals. It has been speculated that the composition of viral genomes may confer the degree of virulence in an infected host; the complete sequence of the viral genomes, however, is not known. Here, we provide for the first time genomic sequences of the S and L segments for both the P2 and P18 strains. Sequence comparisons identify three mutations in the GP1 subunit of the viral glycoprotein, one in the nucleoprotein NP, and five in the viral RNA polymerase L protein. These mutations, alone or in combination, may contribute to the acquired virulence of Pichinde virus infection in animals. The three amino acid changes in the variable region of the GP1 glycoprotein subunit may affect viral entry by altering its receptor-binding activity. While NP has previously been shown to modulate host immune responses to viral infection, we found that the R374 K change in this protein does not affect the NP function of suppressing interferon-b expression. Four out of the five amino acid changes in the L protein occur in a small region of the protein that may contribute to viral virulence by enhancing its function in viral genomic RNA synthesis.
Introduction
Arenaviruses are bi-segmented ambisense single-stranded RNA viruses [7] . Five of the viruses (i.e., Lassa, Junin, Machupo, Guanarito, and Sabia viruses) can cause severe viral hemorrhagic fevers (VHFs) in humans [20] . Lassa fever is endemic in certain regions of West Africa [38] . Currently, there are few effective vaccines and treatment options for VHFs. As a result, highly pathogenic arenaviruses are included in the Category A Pathogen List of the Center for Disease Control and Prevention (CDC). Efforts to understand the basic biology and pathogenesis of these pathogenic arenaviruses in order to develop effective antiviral strategies are hampered by the hazardous nature of these infectious agents and the necessary requirement to work with them in a BSL-4 laboratory.
Pichinde virus (PICV) is a nonpathogenic arenavirus that acquires virulence in guinea pigs upon long-term passaging in the animals in a conventional BSL-2 laboratory [25] . The high-passage, virulent (P18) strain of PICV causes a disease in guinea pigs that mimics human Lassa fever in some aspects, including the correlation between viremia and outcome [1, 26] , terminal vascular leakage syndrome [27] , and identical distribution of viral antigens within infected hosts [8] .
PICV shares a similar genomic organization with all other arenaviruses [7] . Its genome consists of two RNA segments, the large segment (L) of approximately 7.2 kb and the small (S) fragment of *3.4 kb. The L RNA segment encodes the viral polymerase L protein and a small multi-functional Z protein. The S RNA segment encodes the nucleoprotein (N or NP) and the envelope glycoprotein precursor GPC that is post-translationally processed into GP1 and GP2 subunits. The genes are encoded in an ambisense orientation [7] , such that the NP and L genes are encoded in the conventional negative sense, whereas the GPC and Z genes are encoded in the positive sense. At both ends of the RNA segments, the terminal 19 nucleotides, conserved among all arenaviruses, are complementary to each other and are predicted to form panhandle structures that are the cis-acting signals required for viral RNA transcription and replication [21, 40] . A unique feature among the arenavirus genomic RNAs is the noncoding intergenic regions (IGRs) located between the two ORFs on each of the segments [7] . The IGRs, ranging from 59 to 217 nts in length, are predicted to form one to three energetically stable stem-loop structures in both the genomic and antigenomic RNAs [50] and are proposed to contribute to transcriptional termination [15, 23, 32, 42] . Both the L and NP proteins are essential for viral transcription and replication [41] . The viral glycoprotein GPC is expressed as a single polypeptide with an extended signal peptide and is posttranslational processed by the cellular SKI-1/S1P subtilase into GP1 and GP2 [4, 30] . GP1 is a peripheral membrane protein, and GP2 a transmembrane protein. The Z protein carries short proline-rich sequences called the L domains, which are known to promote virus particle budding by interacting with cellular proteins, such as Tsg101 and Nedd4 [16] . It has been shown that Lassa fever Z protein alone is sufficient for the formation of virus-like particles [48] .
The molecular determinants of Pichinde virus virulence in guinea pigs have not been characterized due in part to the lack of sequence information of both of the viral genomic segments and a molecular clone for the virus. Published sequences of the S segment have identified several sequence variations between the P2 and P18 strains within the GPC and NP genes, suggesting that viral genomic sequence variations may dictate the differential behaviors of different strains of the virus in an infected host [51] . Reassortment experiments have further suggested that genes encoded on both the S and L segments may contribute to the acquired virulence [52] . To our knowledge, the full-length sequences of the L segment for the P2 and P18 viruses are not yet available. Here, we report for the first time the complete sequences of both L and S segments of P2 and P18 viruses. Our data have confirmed the previously identified sequence variations in coding sequences of the S segments and revealed novel sequence changes in the L segments that may help define the molecular determinants of PICV virulence in an infected animal.
Materials and methods

Viruses and cells
Both P2 and P18 viruses are derived from the Pichinde Munchique strain CoAn4763 (the 2 and 18 indicate passage numbers). The Pichinde CoAn4763 virus was passaged once in guinea pigs in Dr. Peter Jahrling's laboratory (USAMRID). This strain was subsequently passaged once more in a guinea pig in order to produce the P2 strain. Virulent, high-guinea-pig-passage Pichinde virus, derived from Jahrling's original passage-adapted CoAn4763 adPIC virus, was obtained from Dr. Dorian Coppenhaver (UTMB) as spleen stock of the 15th guinea pig passage and was successively passaged further in inbred guinea pigs in order to obtain the P18 strain [25] . Both BHK-21 and Vero cells were maintained in modified Eagle's medium (MEM) supplemented with 10% fetal bovine serum and 50 lg/ml of penicillin and streptomycin.
Viral RNA isolation
The P2 and P18 viruses were amplified once in BHK-21 cells at low multiplicity of infection (MOI = 0.1). At 4 days post-infection (dpi), viral RNA was extracted from viral particles using the Qiagen viral RNA extraction kit (Qiagen). Cloning and sequencing A minimum of five plasmids for each of the PCR products were sequenced in order to obtain a consensus sequence. All sequence analyses were conducted using either the Vector NTI Advance 10.0 software from InforMax (Invitrogen) or the MacVector 7.2.3 software (MacVector Inc.). GenBank accession numbers for the reported sequences are: P2 S segment, EF529744; P2 L segment, EF529745; P18 S segment, EF529746; P18 L segment, EF529747.
Interferon-b reporter assay 293T cells were cotransfected using calcium phosphate with 0.5 lg of a vector that expresses the firefly luciferase (Fluc) reporter gene from a known functional promoter of the IFN-b gene (pIFNb-LUC) and 2 lg of the individual protein expression plasmid pCAGGS ('empty' control vector), pCAGGS-P2NP (expressing the P2 NP protein), pCAGGS-P18NP (expressing the P18 NP), or pcDNA3.1-NS1 (expressing the influenza A virus NS1 protein, which is known to inhibit IFN expression [17] ). A b-galexpressing plasmid was included in each of the transfection reactions for normalization. Six hours post-transfection, cells were washed with phosphate-buffered saline and supplemented with fresh DMEM medium. At 24 h posttransfection, cells were infected with Sendai virus (at moi = 1) in order to induce IFN-b expression. At 24 hpi, cell lysates were prepared for luciferase and b-gal assays using the appropriate kits, which were purchased from Promega. Fluc activities obtained from the transfection reactions were normalized to the b-gal values and compared.
Results and discussion
Cloning and sequence analysis of the S segments of the P2 and P18 viruses PICV P2 and P18 viruses were amplified once in BHK-21 cells in order to extract enough viral RNAs for further manipulations. A previous study [52] has shown that limited passages of viruses on cultured cells required for plaque purification did not change viral pathogenicity in vivo. We therefore believe that a single round of virus amplification should not greatly alter the native genomic sequences of the P2 and P18 viruses. Viral RNAs were reverse transcribed using primers specific for the PICV viral terminal sequences that were deposited in GenBank.
The S segment was amplified using a high-fidelity enzyme and cloned into the pCR-XL-TOPO vector using the TA cloning technique. Consensus sequences of most of the S segments, except for the IGRs, were assembled from multiple sequences of the respective P2 and P18 strains. We chose to subclone the PCR products prior to sequencing because sequence data obtained by direct sequencing of the PCR products were usually suboptimal in quality and hard to interpret, especially around the GC-rich IGR region. In order to obtain accurate IGR consensus sequences for P2 and P18, we amplified short sequences spanning only the IGRs of the respective strains and cloned them into pGEM-T-Easy Vector. Multiple independent clones reveal identical sequences of the IGR for P2 and P18, as have previously been reported [51] . All in all, we believe that we have successfully assembled the consensus sequence for the full-length S segments of P2 and P18 strains, which only show minor sequence variations from those that have been published previously [51] . The P2 S segments differ at 17 positions (81, 135, 187, 405, 471, 567, 699, 1014, 1158, 1206, 1242, 1365, 2466, 2712, 3222, 3374, 3398), whereas the P18 S segments differ at 5 positions (1336, 1713, 1860, 3236, 3387) from the published sequences [51] . The differences in sequence variations of the S segments obtained from the current study and the previous one might result from the different sequencing methods employed. Nevertheless, both studies revealed the same set of amino acid changes in the S segment, except for one in the NP protein.
A published report compared sequences of the S segments between the different guinea-pig-passaged PICVs and found a total of 43 nt changes [51] . However, only 19 nt changes between the avirulent strains P1 and P2 and the virulent strains P17 and P18 appeared to be associated with the degree of viral virulence. Interestingly, these nucleotide substitutions are located within the GPC and NP protein coding regions, and most of them are silent mutations. Five substitution mutations (G407C, A469G, A541G, C2218T, and C3236T) result in three nonsynonymous amino acid changes (S119T, K140E, and I164 V) in the GP1 subunit of the viral glycoprotein and two residue changes (R374 K and A35T) in the NP protein. In the current study, a total of 33 nt differences, all of which are located within protein coding regions, were found between the P2 and P18 viruses (Table 1) . Consistent with the published data, most of these changes produced silent mutations. We have not formally ruled out the possibility that any of these nucleotide substitutions can alter the synthesis and/or stability of the viral S RNA segment. Four of the nt changes in the S segment (G407C, A469G, A541G, and C2218T) result in 3 amino acid substitutions in the GP1 subunit of the viral glycoprotein (S119T, K140E, and I164 V) and a residue change in the NP protein 
(R374 K). Unlike the published report, however, we did not observe the A35T change at position 3236 of the NP gene [51] . Taken together, our study has mostly confirmed data reported previously and suggests that sequences of the avirulent PICVs differ from the virulent ones at positions 119, 140, and 164 of the GPC gene and at position 374 of the NP gene (Table 1) . The arenaviral GPC precursor protein contains a long conserved 58-aa signal peptide (SP) and is cleaved into GP-1 and GP-2 by the host SKI-1/S1P subtilase [4, 30] . Sequence alignment of all known arenaviral GPC proteins suggests that GP-1 is highly variable among the arenaviruses, with only a few short stretches of conserved sequences (Fig. 1a, gray boxes) , whereas the sequences of GP-2 and the signal peptide (SP) are highly conserved. Sequence variations in GP1 may correlate with its functions: GP-1 forms the receptor-binding site and is recognized by host neutralizing antibodies, which may drive the evolution of this viral glycoprotein subunit. GP-2, on the other hand, is a transmembrane-anchored subunit of the glycoprotein, which is usually not exposed to neutralizing antibodies and therefore can maintain its conserved sequence and structure. Accordingly, the three mutations (S119T, K140E, and I164 V) identified in our study are located within the highly variable regions of the GP-1 subunit (Fig. 1a) . These residue changes may affect virusreceptor binding specificity and may contribute to pathogenesis in an infected host. Many viral surface glycoproteins play a major role in determining viral tropism and pathogenic processes. For example, influenza virus hemagglutinin (HA) is one of the virulence determinants of the H5N1 viruses in mammals. Sequence changes in the viral HA glycoprotein have been shown to alter its receptor binding specificity, allowing the virus to ''jump'' host species [19, 45, 47] . The Ebola GP glycoprotein is another example of a major determinant of viral tropism and virulence [12, 13, 49] .
The NP protein is indispensable for viral RNA replication and transcription as it intimately interacts with viral genomic RNA. Its primary sequence is, therefore, generally highly conserved among the arenaviruses (Fig. 1b) . A single residue change identified between P2 and P18 viruses turns out to be a conserved amino acid substitution (i.e., R374 K). Although this amino acid residue is located within one of the conserved domains of the protein (Fig. 1b) , the residue itself is not conserved among the arenaviruses. Recently, a novel function for the NP protein of the LCMV virus in down-regulating interferon expression of the infected cells has been revealed [35] . This implicates NP as a potential virulence factor. We have therefore undertaken a study to determine whether the R374 K substitution can inhibit IFN-b production. To do this, 293T cells were cotransfected using calcium phosphate with 0. 5 (Fig. 2) , suggesting that the single conservative amino acid differences in the NP gene between the P2 and P18 virus does not affect its role in IFN-b inhibition. This is consistent with recent findings that NP proteins from Pichinde virus and a variety of other arenaviruses, except for Tacaribe virus, inhibit activation of the promoters of IFN-b and interferon regulatory factor 3 (IRF3) as well as the nuclear translocation of the IRF3 factor [36] .
Cloning and sequence analysis of the L segments of the P2 and P18 viruses
To clone the L segment, we first attempted to amplify the entire segment in a single PCR reaction using primers that annealed to the conserved ends. We successfully amplified a 7-kb PCR product, which is the approximate size of the full-length L segment, but failed to clone it into a vector.
Since no published sequences of the L segment for P2 or P18 viruses were available, we could not design PCR primers to amplify shorter fragments for subcloning purposes. Instead, we decided to digest the 7-kb PCR product with BamH I and Bgl II restriction enzymes and subcloned a 1.4-kb DNA fragment representing the middle region of the L segments into the pBluescript vector. Using the consensus sequences of this fragment, we designed primers to amplify the rest of the viral L segments from viral genomic RNA. At least five independent clones for each of the fragments, representing the 5 0 , middle, and 3 0 regions of the L segments, were sequenced in order to obtain the consensus sequences. The IGR sequence of the L segment was obtained in a way similar to that described above for the S segment.
The full-length sequences of the L segment of the P2 and P18 viruses have a length of 7,057 nt and carry 16 nucleotide differences between these two virus strains. The sequence of the Z protein is absolutely conserved between P2 and P18 viruses, suggesting that no differences in its known multiple activities, such as virus assembly and budding [11, 29, 39, 48] and regulation of viral RNA replication [9, 10, 18, 24, 31] , are expected between the viruses. All changes on the L segments are localized to the L polymerase protein-coding region, five of which cause amino acid changes (N355D, A1808T, V1839L, D1889 N, and D1906 N) ( Table 2 ). These changes are predicted to affect the function of the L polymerase protein and thus to potentially alter the viral replicative potential in vivo. The rest of the sequence changes (at nts #473, 860, 1178, 1529, 2972, 3173, 3485, 3611, 6149, and 6812) produce silent mutations (Table 2) . Again, we have not determined whether these silent mutations can alter the synthesis and/ or stability of the L RNA segment.
The L polymerase is a large protein of more than 2,100 residues that functions as an RNA-dependent RNA polymerase. Due to its enormous size, no structural information is currently available for this protein. Luciferase activity was measured at 24 hpi and normalized against b-gal activity the four conserved motifs (A, B, C, and D) identified in all RNA-dependent polymerases, which constitute the ''polymerase module'' implicated in template recognition and polymerizing activity [43] (Figs. 3, 4a) . In particular, the highly conserved SDD sequence in the motif C of the protein (Fig. 4a) is predicted to play a central role in the enzyme's polymerizing activity. Alignment of all available sequences of arenaviral L proteins also reveals multiple conserved domains across this protein (Fig. 3, gray boxes) , suggesting that the mechanism for the L protein to recognize, replicate, and transcribe the ambisense segmented RNA genome is conserved among the arenaviruses.
Among the 5 identified residue changes in the L protein between the P2 and P18 viruses, four (N355D, A1808T, D1889 N, and D1906 N) are localized in the variable regions, whereas the V1839L change is located within a region conserved among the New World arenaviruses (Fig. 3) . This residue always encodes a valine among the New World arenaviruses (Fig. 4b) but nevertheless is variable among the Old World arenaviruses (data not shown).
We have yet to determine whether the V1839L substitution has an effect on L polymerase functions. Mutagenesis of the LCMV L gene has produced various mutations that affect plaque morphology [28] , induce lethality in infected guinea pigs [44] , or suppress the cytotoxic T-cell response in order to initiate persistent viral infection [46] . It is, therefore, reasonable to suggest that any of the five amino acid substitutions in the L gene identified in our study, either individually or in combination (Fig. 3) , may specify determinants of viral virulence of the PICV P18 virus in an infected animal. Although we do not know how these mutations affect the function of L polymerase in viral RNA synthesis, we speculate that some of these changes are significant as they represent amino acid substitutions that can potentially alter the overall folding of the protein. Interestingly, four of the mutations (A1808T, V1839L, D1889N, and D1906N) are localized within a small region of 99 amino acid residues, implying that this domain may affect the efficiency of viral RNA synthesis and/or replication. It is not uncommon that the molecular determinant of viral virulence is localized in the polymerase enzyme. A single amino acid substitution in one subunit of the influenza viral polymerase (e.g., PB2 E627K) has been shown to enhance the degree of virulence of the H5N1 virus in mice [22] , which might explain the high lethality observed with the 1918 pandemic flu virus. It has also been documented that a single amino acid change 
Bold values indicate the sequence changes between the virulent and avirulent strains
Sequence comparison of virulent and avirulent Pichinde viruses 1247 (K1079Q) in the L gene of the LCMV virus increases virus production and infection of macrophages, which may possibly be responsible for viral persistence and immune suppressive effect in an infected animal [37] . In summary, our sequence analyses of both the S and L segments of the P2 and P18 viruses have uncovered three amino acid changes in the GPC protein, one in the NP protein, and five in the L protein that may be responsible for their observed phenotypic differences in infected animals. We hypothesize that these mutations, either acting alone or in combination, are potential determinants of viral virulence in the animals. Previous studies have suggested that aberrant cytokine production and suppressed immune signaling are the underlying mechanisms for the high virulence of P18 virus in guinea pigs [2, 5, 6, 14] . These observations are consistent with those made for other hemorrhagic fever-causing viruses. For example, Lassa fever virus does not activate macrophages following infection [3, 33] . The immuno-regulatory function of dendritic cell are known to be inhibited by Ebola or Lassa virus infection [34] . How natural mutations in the GPC, NP, and/or L proteins contribute to altered production of proinflammatory cytokines and a suppressed immune signaling mechanism are not understood. Several mechanisms to explain the phenomenon are proposed: (1) mutation of the GPC protein may change the receptor specificity and thus allow for a more efficient spread of the virus within an infected host, which can lead to increased proinflammatory cytokine production; (2) mutations in the GPC protein may enable the virus to more efficiently infect host immune cells and impair their functions, leading to the observed suppressed immune response; (3) mutations in the NP and/ or L proteins may enhance viral replication in vivo and thus overwhelm the normal host immune responses to viral infection; and (4) mutations in any of the viral proteins identified in this study may modulate their interactions with host cell signaling proteins, leading to the differential responses to viral infection. Development of a reverse genetics system for PICV will help to unravel the molecular mechanisms leading to acquired virulence of viral infection in guinea pigs and the roles of the individual viral proteins in viral replication and pathogenesis. These efforts will undoubtedly provide important insights into the pathogenesis of hemorrhagic fever caused by the different arenaviruses. 
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